We study fully hexagonal boron nitride (hBN)-encapsulated graphene spin valve devices at room temperature. The device consists of a graphene channel encapsulated between two crystalline hBN flakes; thick-hBN flake as a bottom gate dielectric substrate which masks the charge impurities from SiO2/Si substrate and single-layer thin-hBN flake as a tunnel barrier. Full encapsulation prevents the graphene from coming in contact with any polymer/chemical during the lithography and thus gives homogeneous charge and spin transport properties across different regions of the encapsulated graphene. Further, even with the multiple electrodes in between the injection and the detection electrodes which are in conductivity mismatch regime, we observe spin transport over 12.5 µm long distance under the thin-hBN encapsulated graphene channel, demonstrating the clean interface and the pin-hole free nature of the thin-hBN as an efficient tunnel barrier.
I. INTRODUCTION
Graphene is considered as an ideal material for spintronics due to its low intrinsic spin-orbit coupling, small hyperfine interaction, tunable carrier density and high electron mobility 1-3 even at room temperature which is important for future applications. Theoretically it is estimated to show long spin relaxation length (λ s ) of 100 µm and high spin relaxation time (τ s ) of 100 ns 4, 5 . At the moment, experimentally these values are reported up to λ s = 30.5 µm and τ s = 12.6 ns 6 . In a quest to figure out the sources limiting the intrinsic spin transport in graphene, there have been several experiments, which suggest that the role of underlying substrate and the quality of tunnel barrier is crucial 7 .
The quality of substrate plays an important role in determining the charge and the spin transport characteristics of graphene. An atomically flat hexagonal boron nitride (hBN) substrate has shown to provide a good base for high mobility graphene 8 and long spin relaxation length 9 because hBN has less charged impurities and the thickness of the bottom-hBN moves the graphene away from the charged impurities in the SiO 2 substrate. Also the effect of the electron-hole puddles can be different for different substrates and it is lower with a hBN substrate 10 .
Recently, Kretinin et al. 11 demonstrated the high electronic quality of graphene by encapsulating it from surroundings with different two-dimensional (2D) crystals such as hBN and transition metal dichalcogenide (TMD). However, this device geometry comprised of one dimensional edge electrodes 8 with a thick semiconducting TMD top layer which is not compatible for standard four probe non-local spin transport measurements. In the present work, we replace the TMD with an atomically thin hBN flake, which serves two purposes. First, it acts as an encapsulating layer. Second, it acts as a tunnel barrier replacing the conventional oxide tunnel barrier. Therefore it allows to probe the charge and the spin transport properties of the encapsulated graphene with multiple ferromagnetic (FM) electrodes.
The previous studies have shown that the graphene interface with spin sensitive ferromagnetic electrodes affects the spin transport behaviour. Further, the conventional oxide tunnel barriers used in spintronic devices suffer from pinholes, inhomogeneous coverage, non-uniform growth, and consequently contributing to the low spin transport properties 7, 12 . A 2D-layer of thin-hBN with close lattice match to graphene has been shown to exhibit pin-hole free tunnelling characteristics 13, 14 . It is also predicted to enhance the spin injection efficiency from a ferromagnet into graphene 15 . Yamaguchi et al. 16 first reported spin injection through exfoliated monolayer hBN tunnel barrier into bilayer graphene resulting in quite low spin transport parameters (τ s = 56 ps, D s = 0.034 m 2 /s, λ s = 1.35 µm) and low mobility (µ = 2700 cm 2 /Vs) of graphene. Further, Kamalakar et al. 17 and Fu et al. 18 used large scale chemical vapour deposited (CVD) bilayer hBN-tunnel barriers for spin injection into graphene. The spin polarization increased with CVD hBN barriers. However, the quality of graphene channel is limited by the wet transfer technique used for transferring CVD hBN on to graphene. In contrast, we use a dry pick-up and transfer technique 19 in order to completely cover the underlying graphene with a thin-hBN flake, which acts a tunnel barrier and also shields the graphene from external polymers and chemicals during the lithography process.
It is also worth discussing here that the previous reports on spin transport in hBN encapsulated graphene are quite promising in terms of improved spin transport parameters 20, 21 . However extracting the correct spin transport parameters is not straightforward due to inhomogeneous spin transport behaviour of the hBNencapsulated and the non-hBN-encapsulated graphene regions. A similar behaviour is also observed for partly suspended high mobility graphene 22 . Using our device geometry, we can achieve more homogeneous charge and spin transport behaviour in the graphene channel compared to the previously reported results.
In this work, we report a fully hBN-encapsulated graphene spintronics device to overcome the three aforementioned challenges, namely, 1) the influence of underlying substrate, 2) the influence of tunnel barrier interface, and 3) the inhomogeneity in graphene channel. We use a dry pick-up technique which prevents the graphene from external doping and results in more homogeneous charge and spin transport parameters at room temperature.
II. DEVICE FABRICATION
The hBN/graphene/hBN stack is prepared following the dry pick-up and transfer technique 8, 19 . The graphene and hBN flakes were obtained by the exfoliation of highly oriented pyrolytic graphite (HOPG, SPI Supplies, ZYA grade) and hBN powder (HQ graphene). A 90 nm thick SiO 2 /Si substrate is used for exfoliation and identification of graphene and thin-hBN flakes as it gives a good optical contrast to search for thinner graphene 23 and hBN 24 flakes down to a monolayer. A polydimethylsiloxane (PDMS) polymer stamp prepared with polycarbonate (PC) layer is used to pick-up the flakes. At first, a glass substrate with PDMS/PC is used to pick-up a thick top-hBN flake which is used to pick-up the thin-hBN flake followed by picking up the graphene flake. Then the PC/top-hBN/thinhBN/graphene stack is released onto a thick bottom-hBN on a SiO 2 (300 nm)/Si substrate by melting the PC layer. Next, the PC layer is dissolved in chloroform for 5 hours at 50
• C, followed by annealing in Ar/H 2 atmosphere at 350
• C for 12 hours to remove the leftover PC residues on top of the thin-hBN and the top-hBN. It is important to note that the graphene beneath the thin-hBN does not come in contact with polymers during the fabrication due to the full encapsulation by hBN flakes.
Thereafter, electron-beam lithography is used for patterning of electrodes on the poly(methyl methacrylate) (PMMA) coated stack followed by electron-beam evaporation to deposit 65 nm of ferromagnetic cobalt (Co) for spin sensitive electrodes. Cobalt is capped with 4 nm thick aluminum (Al) layer to prevent it from oxidation. A schematic of the layer-by-layer device structure is shown in Figure 1 (a).
An optical micrograph of the fabricated device is shown in Figure 1 (b) where the graphene and the thinhBN flakes are outlined with the black and the white dashed lines respectively. Due to a slight misalignment during the pick-up process, a region of 0.1 -0.2 µm width along the top edge of the graphene flake is not covered by the thin-hBN. However, the electrodes in between E2 and E5 are deposited on top of the thin-hBN layer, avoiding the uncovered top-edge graphene region. The thin-hBN encapsulated graphene does not come in contact with polymers whereas the graphene regions which are not covered by the thin-hBN are touched by PC and PMMA polymers during the fabrication.
We performed atomic force microscopy (AFM) imag- ing to find the thickness of each flake used in the device fabrication. It is found to be 0.40 nm for graphene and 0.52 nm for thin-hBN layer. These values are in close agreement with the experimentally reported thickness for single layer (1L)-graphene 25 and 1L-hBN 14, 17 .
III. RESULTS AND DISCUSSION
We report the measurements for the different regions of fully encapsulated graphene channel as labelled in the optical image shown in Figure 1(b) . Specifically, Ch1 (4.5 µm, between E2 and E3) and Ch3 (3 µm, between E4 and E5) regions consist of graphene encapsulated by thinhBN. Ch2 (5 µm, between E3 and E4) region comprised of graphene encapsulated by the thin-hBN. On top of the thin-hBN, we put thick top-hBN (6nm) flake which serves as a topgate dielectric. Finally, Ch4 (12.5 µm, between E2 and E5) consists of region across the whole thin-hBN encapsulated graphene.
The resistance area product (R c A) for graphene/hBN/graphene tunnel junction is reported to scale exponentially with the number of hBN layers 14 . We characterize the thin-hBN/graphene interface resistance (R c ) using a three probe measurement scheme. The R c A product for the electrodes E(2-5) is found to be in the range of 0.3 -1.1 kΩµm 2 which agrees with the reported values for single-layer hBN tunnel barriers 14, 17, 18 . Both the AFM and the R c A analysis confirm the single-layer nature of the thin-hBN flake.
All the measurements are carried out at room temperature in a vacuum of 10 −6 mbar. Charge transport measurements are carried out in a local four probe measurement scheme. An ac current is passed between electrodes E1 and E6 ( Fig. 1(b) ), and the voltage drop is measured across the electrodes for different transport channel regions in between. The measured square resistance (R sq ) is presented in Figure 1 (c) for three different graphene channel regions Ch1, Ch2, and Ch3. The square resistance for the thin-hBN encapsulated regions (in Ch(1-3)) show charge neutrality point (CNP) around -12 V and for the top-hBN encapsulated part of the Ch2 region show it around -23 V. A small bump at -12 V in R sq data for Ch2 region corresponds to the thin-hBN encapsulated parts on either side of the top-hBN.
The field effect mobility (µ) of graphene channel is calculated by fitting the R sq data (Fig. 1(c) ) using the relation, R sq = 1/(neµ + σ 0 ) + ρ s , where e is the electronic charge, n is the carrier density, σ 0 is the residual conductivity at the CNP, and ρ s is the contribution from short range scattering 26, 27 . The fitted values of the electron mobility for three different regions are µ Ch1 = 8600 cm 2 /Vs, µ Ch2 = 11800 cm 2 /Vs and µ Ch3 = 8200 cm 2 /Vs. The close values of mobility at different regions reflect that the graphene channel is homogeneous under the thin-hBN encapsulation. A relatively higher value of mobility for Ch2 region is attributed to the central top-hBN encapsulated graphene while the remaining thin-hBN encapsulated graphene (Ch1 and Ch3) on either side of top-hBN has an uncovered graphene edge of 0.1 -0.2 µm width which are exposed to polymers during the fabrication.
The spin transport measurements are performed in a four probe non-local geometry (Fig. 2(a) ) at room temperature using standard ac lock-in technique with cur- rents of 10 -20 µA. We inject a spin polarized current using an ac current source (I ac ) and measure the nonlocal voltage (V nl ) while sweeping an in-plane magnetic field (B y ) parallel to the long axis of the ferromagnetic electrodes. The width of the electrodes is varied from 0.2 µm to 0.8 µm in order to switch magnetization of the electrodes at different coercive fields. As the B y is swept from a negative magnetic field to a positive field, steps in R nl (=V nl /I ac ) are observed whenever the magnetization of the two inner electrodes changes between parallel and anti-parallel configurations. The influence of the outer electrodes will be diminished if chosen far from the injection/detection electrodes, resulting in a typical two-level spin valve signal. In order to asses the spin transport nature of graphene, we extract the spin relaxation parameters from the Hanle spin precession measurements.
Hanle measurements are carried out in a four probe non-local spin valve geometry as shown in Figure 2 (Fig. 2(c) and 2(e)), the spin relaxation parameters do not differ much for different encapsulated regions under thin-hBN. Besides, the mobility values also lie close to each other ( Fig. 1(c) ). It indicates that a consistent charge and spin transport behaviour is observed across different regions of the thin-hBN encapsulated graphene.
The values of spin relaxation parameters are quite low compared to the graphene on hBN 9 or even partly encapsulated by hBN 20 . The thin-hBN flake is of single-layer and it resulted in low interface resistance (R c ) values for the electrodes E(2-5), 0.6 -2.1 kΩ which lie in the same order of the spin resistance (R λ ) for the thin-hBN encapsulated graphene, 0.4 -1.4 kΩ where R λ = R sq λ s /W, W = 1.8 µm is the width of the graphene. These values imply that the device is within the conductivity mismatch regime 28 . A similar behaviour is also reported by Yamaguchi et al. 16 with exfoliated 1L-hBN and Fu et al.
18
with CVD 1L-hBN tunnel barriers. It is also important to note in our device that the ferromagnetic cobalt electrodes on top of the thin-hBN layer are deposited in order to avoid contact with the uncovered (by thin-hBN) graphene edge ( Fig. 1(b) ). The proximity of the stray magnetic field from the ends of the cobalt electrodes (between E2 and E5) can act as an additional dephasing field and influence the spin transport in graphene. Also the uncovered region is exposed to the PC and PMMA polymers during the fabrication which can reduce the mobility and spin relaxation time.
Further, we would like to emphasize that the spin diffusion is detected across 12.5 µm length of thin-hBN encapsulated (Ch4) graphene region ( Fig. 2(d-e) ) which consists of multiple electrodes in between the spin injection (E2) and the spin detection (E5) electrodes (Fig. 1(b) ).
The conventional oxide-barrier/graphene interfaces are reported to act as spin sinks especially when their R c lie close to R λ 12,28,29 which hinders the long distance spin transport in graphene with multiple electrodes. Whereas, within the conductivity mismatched regime, our device still performs better than the device with oxide barriers, which might have pin-holes. Hence, we attribute the observed long distance spin transport behaviour to the pin-hole free nature of the thin-hBN layer and to the clean interface of thin-hBN with the graphene compared to the deposited oxide tunnel barrier.
We would also like to point out that we do not observe the very long spin relaxation length or high spin relaxation time as in the case of partly hBN-encapsulated graphene stack reported by Guimarães et al. 20 and it is worthwhile to mention the differences between our device and the stack reported in ref. 20 . In our device, PMMA residues lie at the thin-hBN/cobalt electrode interface which might affect the spin injection/detection in a different way than in the stack reported in ref. 20 , which has PMMA residues between the graphene and the oxide tunnel barrier. Further, our device shows lower mobility and charge diffusion constant which also translates to the lower spin relaxation length.
Furthermore, using our device structure we can control the electric field and the carrier density independently with the top and the bottom gate electrodes. This allows us to study i) the electrical control of spin information in graphene 20 , and ii) the spin transport across the p/n junctions created by the topgate and the non-topgate encapsulated graphene. It is interesting to study the spin transport across the p/n junction, which acts as a barrier for the transmission of spins, and results in high magnetoresistance and sensitivity in a spin valve transistor 30 . A contour plot for the square resistance of the Ch2 region (R Ch2 sq ) as a function of V tg and V bg is shown in Figure 3 (a). The charge neutrality point (CNP) appears as a line with a slope of -0.034 which is equivalent to the ratio of the top and bottom gate dielectric capacitances. The maximum R sq of the CNP appears at V bg ≈ -22.7 V, V tg ≈ 0 V and decreases along either side of the line. It is a characteristic behaviour observed with single layer graphene 20 . The V tg independent feature around V bg = -22.7 V appears due to the sides of the top-hBN encapsulated region that are non-topgated between the electrodes E3 and E4 21 . We can create an effective electric field in the top-hBN encapsulated part of the Ch2 region by modulating the topgate voltage (V tg ) and the backgate voltage (V bg ) 31 . The perpendicular electric field can induce a Rashba spin orbit field in graphene 20 which can be used to manipulate the spin transport properties of the topgate encapsulated graphene channel.
The maximum value of the electric field created within the range of applied V tg and V bg is 0.22 V/nm. We do not observe a significant dependence of the spin relaxation time on the electric field. We attribute this to the lower field compared to the Rashba field (0.7 V/nm) applied in the case of Guimarães et al. 20 . Within the Ch2 region, carrier density in non-topgate encapsulated parts controlled by V bg whereas the central topgate encapsulated part is controlled by both V bg and V tg . This clearly resulted in four quadrants representing different p/n junction configurations 32 as indicated in Figure 3(a) . Due to the novelty of our device fabrication we could see four quadrants compared to the similar geometry reported in ref. 20 and 21. The non-topgated graphene regions in ref. 20 and 21 are highly n-doped by the polycarbonate. However, in our case, graphene in the topgated region as well as the non-topgated region is protected by the thin-hBN and is not doped by polymers.
So we are also able to access the p-doped characteristics of the non-topgated regions.
A strong dependence of the spin relaxation time (τ s ) among the four junction configurations is observed as shown in Figure 3(b) . On average, the relaxation time is increased when the n(n')-doped region changes to p(p')-doped region. This can be observed at different topgate voltages as we move from n-n'-n region to n-p'-n region, and further to p-p'-p region. A possible explanation for the observed behaviour is that the contacts can induce a slight doping, as can be seen from the asymmetric square resistance of graphene in Figure 1(c) . This might result in an additional p-n interface in the p-doped regime, decoupling the contacts from the channel and resulting in higher spin relaxation time for holes. Furthermore, the gate dependence of spin lifetime in Figure 3 (b) does not show a dip around the CNP 20,33 possibly due to the influence of p-n junctions formed at the edges of the topgated graphene channel near the CNP.
IV. CONCLUSIONS
In conclusion, for the first time we demonstrate a fully hBN-encapsulated graphene device for spintronics applications. We show that the full encapsulation of graphene results in homogeneous charge and spin transport properties at room temperature. Charge transport measurements show uniform mobility across different regions of the encapsulated graphene. Spin transport measurements show that a uniform spin relaxation length across different channel regions is achieved with the crystalline hBN encapsulation. Further, our device shows spin transport across the whole thin-hBN encapsulated region of 12.5 µm length even in the presence of conductivity mismatch electrodes, demonstrating the potential of using hBN as a tunnel barrier for graphene spintronics. The dual gate geometry allowed us to study the effect of electric field on the spin transport. However we do not observe a significant dependence due to the low values of achieved electric field. Moreover, we observe a strong dependence of the spin relaxation time on different p/n junction configurations. Further investigation is necessary to explain this behaviour.
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